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The Guidance and Control DivisPon has conducted a l inear ,  yaw-axis 
parameter study of SPS gimbal-actuator s t m c t u r a l  compliance e f fec ts  
on the SPS and SCS. 
s t i f fnes s  parameters, whether by way of increase o r  decrease, have 
l i t t l e  e f fec t  on the s t a b i l i t y  gain and phase margins o f  the system. 

The study shows that large changes in the actuator 

The subject study is a f o l l o  of the reference s . It considers 
the effects  of non-nominal actuator s t i f fnes s  parameters on Apollo 

The need t o  investigate non- 
values of s t i f fnes s  parametera was dictated by the lack of 

ental  verification of t h e i r  actual  values and the consequent 
knowledge of t h e i r  influence on SCS s tab i l i ty .  

margins of t he  SPS and SCS as influenced by d i f fe ren t  actuator am, 
mount, and gimbal s t i f fnes s  values, and (2) to estimate the ef fec t  
of these parameter changes on system time response, 

I thrus t  vector control system s t ab i l i t y ,  whereas, the  reference 
considered nominal values only. 

The objectives 
were; (1) t o  determine the s t a b i l i t y  gain and phase 

DESCIUPTION 

The Apollo autopilot  o r  TVC system (exclusLve of trim follower) is 
represented by the block diagrams of f i  

anded version of f igure I obtaine 

forward loop t ransfer  function ( 5 /T) of figure 2 is contributed 
by the #'dog-wags-tail." (D16T) reaction and was not considered in 
the  referenced study, 

s I and 2, Fi 
reducing the 

h 5) of figure I ,  The posi t ive m o t  indicated i n  the  

S 

(defined in the  l i s t  of 
combination, These v a r i  
nced to the  frequency r e  

'I1 are the  frequency 
s 12 through 20 are f r e  
t e  loop of the SCS; and 

character is t ics  of the 
and phase margins 

pized in Table 111, 
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response c h m c t e r i s t l c s  of the SPS and SCS have an 
Eresonance of the SPS is  due t o  the actuator 
y a t  which it occurs i s  a function of 

ed, the  frequency varies accordbg to , where ‘?‘I is deffied in the l ist  of 
hand, the antfreso ce of the  SCS 5s 

function of actuator compl%ance but is  cause 
reaction, an i n e r t i a l  effect ,  and it occurs a t  the frequency 

the %aib-wags-dog 

TfI reaction was not included i n  the reference s 
through 34 have been added here so that the  frequency 

response character is t ics  of the nominal system may be compared with 
the reference study, 
SPS tachometer Poop, shown i n  f 
caused by the reaction, Ma t i ca l ly ,  the  possfbi l i ty  of t h i s  
ins tabf l i ty  o 
c h r a c  teris t i 
back on & of 
in s t ab i l i t y  i 
SPS closed loop system has adequate gain and phase margins as indicated 
by f igure  3, 

To estimate the e f fec ts  of the s t i f fnes s  parameter variations on system 
time responsep the poles of the closed loop systems (SPS, a t t i t ude  rate 
of SCS, and a t t i t ude  posit ion of SCS) were plot ted f o r  each stifTness 
parameter conditi  Figures 35, 36, and 37 are p lo t s  of the  low 

of the SCS, respectively, 
poles a r e  of l i t t l e  consequence to the  time response as t h e i r  contribu- 
t ion  i s  greatly attenuated by the system, 
ness is reduced, the poles move toward the  or igin lowering s g t s t ~  

The frequency response character is t ic  of the 
30, exhibits the ins t ab i l i t y  

ring is  indicated by the posi t ive root i n  the  
t ion  ( 6 /T) , which expresses the posit ive feed- 
T (p) term of equation 2, 
etrimental to operations because the overal l  

This tachometer loop 

30 rad/sec) of the SPS, a t t i t ude  r a t e  of the SCS, 
The high frequency 

The p lo ts  show that as stiff- 

1. frequency, Conversely, increasing s t i f fnes s  
h g  and na%ural frequency of the system. 

wering the  gbbal-actuator assembly s t i f fnes s  reduces (1) the gain 
tl phase margins of the overal l  SPS and (2) the gain margin of  the 

a t t l t ude  rate bo f the SCS, The phase margin of the  a t t i t ude  posi- 
affected, Increasing the s t i f fnes s  tended 
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To a first appmx 
s t i f fnes s  values causes se t t l i ng  t h e  to increase due t o  lowered 
and n e t w d  frequency, 
response of the SCS w P l l  change very l i t t l e  because the control l  
pole remains approximately stationary when the stif 
The data a l so  Fndicate tha t  the t h e  response w i l l  
f o r  ~ u 1  increase in s t i f fness ,  

tPon, the  low frequency poles hd%cette that reducing 

It should be noted that the closed loop 
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L DEFINITION 

De 

Dx 

F 

IC 

R 

s 

- Distance from engine gimbal t o  engine cam, along the  
engine center l ine ;  f t  

- Distance from engine gimbal t o  system c,m. along the 
body x-axis; f t  

- Ehgine thrust;  l b s  

- Moment of i n e r t i a  of system about c,m,; Ib-ft-sec 2 

- Actuator clutch current; amps 

- Moment of i n e r t i a  of bu l l  gear and clutch ref lected t o  2 bu l l  gear; lb-ft-sec 
2 - Nozzle moment of i n e r t i a  about engine c,m,; lb-ft-sec 

- Actuator am st i f fness;  l b / f t  

- Forward loop gain constant; N.D. 

- Gimbal s t i f fness;  l b / f t  

- Actuator mount s t i f fness;  l b / f t  

- Actuator servo amplifier gain; amp/rad 

- Clutch gain; ft-lb/amp 

- Actuation system rate feedback gain constant; rad/rad/sec 

- Actuation system nozzle posit ion feedback g a b  constant; 
M. D. 

r o  feedback gain constant; rad/rad/sec 

- SCS a t t i t ude  gain constant; M.D. 

- Ehgfne mass; slugs 

- Pitch of screw jack; rad/ft  

- Total damping of actuator lumped tachometer, 
ref lected t o  engine; lb-sec/ft 

- Actuator lever  am; f t  

- L a l a c i a n  operator; esec-lbl 



0% DE"INITION (Continued) 

- Clutch torque; f t - lb  

ctuator mount deflection; f t  

- Gimbal position; r a d  

- Gimbal position command; rad 

- Piekoff position; radians of gimbal deflection 

- Tachometer position; rad 

- Attitude position; rad 

- Gain; decibels 

- Gain margin 

- Phase angle; degs 

- Phase margin 

- Frequency where $ = 180'; rad/sec 

- G @I #$; decibel 

180' - $ 43 LJc; degs 

- Frequency where G = Odb; rad/sec 

2 = ( I  - Jx /JJ) 
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1 m MSC Internal  Note No 65-E-42, Linear, Single-Plane S 
of SPS Actuator Compliance n the  Response Charact 
OUO Block I SCS, September 29, 1965 
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TABLE I 

Constants 

4c 
F 

% 
*E 
N 

R 

e 667 

9.62 

21900. 

52400 . 
70/(96 9r )2 

220 

1.2 x 10 

1.5 
6 2.0 x 10 

.576 x 10 

20 

3530 

6 

6 

e 09 

1 e o  

0 5  

1 .o 

20 

96 77 

2000 

1. 

Fp;, 

Pt 0 

Lbs 
2 

2 

2 

Ft-lb-sec 

Ft-lb-sec 

F t -1b-s ec 

Lb/f t 

N e  D e  

Lb/ft 

%b/f t 

N.B, 

rad/.t  

lb-see/ft 

F t e  
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STIFFNESS PARAMETER CONDITIONS CORRESPONDING TO THE FR 
RESPONSE CHARACTERISTICS SHOWN IN FIGURES 3 TO 34 



TABLE I11 

Attitude Rate Loop Atti tude Posit ion Loop 

*Each parameter nominal unless otherwise noted. 
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Frequency Response 
SPS Position Loop Open 

( 6 F/&) -Nominal 
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Figure 3 
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Frequency Response 
SPS Position Loop Open 

( 6  )?/&))-KT = 1/2 Nom 
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0 0 0 0 0 0  

Frequency Response 
SPS Position Loop Open 

( 6 F/&c )-KL = 1/2 Nom 
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Figure 5 I 
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Frequency Response 
SPS Posit ion Loop Open 

( 6  F/ & ) -  KA = 1/2 Nom 
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000000  

Frequency Response 
SPS Position Loop Open 

( F/ SC, )-All: 1/2 Nom 
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Frequency Response 
SPS Position Loop Open 

( S F/ be) - All: 1/4 Nom 
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Figure 8 
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Frequency Response 
SPS Position Loop Open 

( S F/&E ) - K ~  = 2 Nom 
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Frequency Response 
SPS Position Loop Open 

( 6  F/ se)-K~ = 2 Nom 
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Frequency Response 
SPS Position Loop Open 

( &  F/ 6e)-KA = 2 Nom 
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0 0 0 0 0 0  

Frequency Response 
SCS Rate Loop Open 

( )L R/ S c )  -Nominal 
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Frequency Response 
SCS Rate Loop Open 
(p R/&)-KT = 1/2 Nom 
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Figure 13 
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Frequency Response 
SCS Rate Loop Open 

(YR/$,)-KL = 1/2 Nom 
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Figure 1.4 
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000000  

Frequency Response 
SCS Rate Loop Open 

(PR/gC)-K~ = 1/2 Nom 
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Figure 15 
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000000  

Frequency Response 
SCS Rate Loop Open 

( PR/b,)-al: 1/2 Nom 
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000000  

Frequency Response 
SCS Rate Loop Open 

(YR/d,)- All, 1/4 Nom 

Figure 17 
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Frequency Response 
SCS Rate Loop Open 

( PR/$,)-KT 2 Nom 

Figure 18 
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000000  

Frequency Response 
SCS Rate Loop Open 
(P R/6,)-KL = 2 Nom 
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000000  

Frequency Response 
SCS Rate Loop Open 
(P R/6 c) -'Ka = 2 Nom 

Figure 20 
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Frequency Response 
SCS Posit ion Loop Open 

( ?F/ '& )- Nominal 
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Figure 21 
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Frequency Response 
SCS Posit ion Loop Open 

(YF/f?e)-KT = 1/2 Nom 
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Frequency Response 
SCS Posit ion Loop Ope 

(WF/F/*f)-% = Ih Nom 
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Figure 23 
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Frequency Response 
SCS Position Loop Open 

(Y’F/k)-K, = 1/2 Nom 
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Figure 24 
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Frequency Response 
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Figure 25 
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Frequency Response 
SCS Position Loop Open 

(PF/+& )-All.; 1/4 Nom 
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Figure 26 
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Frequency Response 
SCS Position Loop Open 

(FF/Pe)-KT = 2 Nom 
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Frequency Response 
SCS Position Loop Open 

( pF/+e )-% = 2 Nom 
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Figure 28 
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Frequency Response 
SCS Position Loop 

( pF/+e -KA =?Tom 

D 
e 
b 



000000 

Frequency Response 
SPS Rate Loop Open 

( R/E) - Nominal 
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Figure 30 
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Frequency Response 
SPS Rate Loop Closed 

(6 ~/6~)-~ominal 
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Figure 31 
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Frequency Response 
SPS Posit ion Loop Closed 

( F/6,)- Nominal 

BODE PLOT 

b 
A 
1 
01 



43 

000000 

Frequency Response 
SCS Rate Loop Closed 

( ?R/ )L’E ) -Nominal 
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Frequency Response 
SCS Position Loop Closed 

( YF/ Pc ) -Nominal 
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